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Exercise Training Reduces the Acute Inflammatory Response
Associated with Claudication
E. P. L. Turton∗, P. A. Coughlin, R. C. Kester and D. J. A. Scott
Department of Vascular Surgery, St James’s University Hospital, The Leeds Teaching Hospitals, Leeds, LS9 7TF, U.K.
Background: recent research has shown that episodes of claudication may be associated with a systemic inflammatory
response that causes injury to the vascular endothelium. As claudicants are often directed to undertake regular walking
exercises there has been a concern that this may accelerate endothelial injury.
Aims: the aim of our study was to assess the baseline markers of ischaemia-reperfusion injury (IRI) in claudicants and
controls after acute treadmill exercise and to then examine the effect of a 3 month supervised exercise-training programme,
on these markers, in the claudicant group.
Methods: forty-six claudicants and 22 age-matched controls undertook acute treadmill exercise. Neutrophil activation,
degranulation, free radical damage and antioxidants were measured (by flow cytometry, ELISA, and chemiluminescence)
at rest and at 5, 30 and 60 min post-exercise. Claudicants were then recruited into an intensive 3 month supervised
exercise programme (SEP) after which the same parameters of IRI were reassessed at different time points, at 3 and 6
months.
Results: resting markers of IRI were similar in both groups. Exercise had no effect on the control group. Immediately
after exercise, claudicants developed significant neutrophil activation and degranulation with free radical damage. This
effect decreased sequentially after 3 months of exercise training.
Conclusion: this study for the first time demonstrates that the exercise training of claudicants is beneficial, not only in
terms of improving their walking distance, but also by decreasing the injurious effects of IRI that occur during claudication.
Exercise training should be an essential part of the medical management of the majority of claudicants.
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Introduction well-recognised cardiovascular risk factors. In a multi-
centre European study that looked at the predictive
role of haemostatic factors in the progression of cardio-Chronic inflammation is thought to play an important
vascular disease, the serum level of C-reactive proteinrole in the pathogenesis of atherosclerosis. Markers
(CRP) was positively correlated with the level of fib-of inflammation are elevated in patients destined to
rinogen, pro-thrombotic factors and von Willebranddevelop arterial disease, as well as those with es-
factor, a marker of endothelial damage.4tablished atherosclerosis.1 Data derived from clau-
Several studies in recent years, specific to patientsdicants entered in to the control arm of the PACK
with peripheral vascular disease (PVD), have shown(Prevention of Atherosclerotic Complications with Ke-
that markers of inflammation (increased neutrophiltanserin) study revealed that the initial white blood
activation, neutrophil degranulation, microvascularcell count was a significant predictor of myocardial
permeability and antioxidant consumption) rise wheninfarction, stroke and vascular mortality.2 In the Mul-
patients with PVD exercise to the point of maximumtiple Risk Factor Intervention Trial (MRFIT) the base-
claudication pain.5–12 This may occur through a mech-line leucocyte count was associated with risk of heart
anism akin to a classical ischaemia reperfusion injurydisease independently of smoking status.3 In those
(IRI), with ischaemia in the muscle bed occurring aspatients whose leucocyte count fell during follow-
the claudicant walks to the point of maximum painup there was a commensurate reduction in risk of
and reperfusion occurring as the claudicant is forcedcardiovascular death that was independent of other
to rest. It is hypothesised that this repetitive cycle of
IRI may have long-term deleterious systemic ma-
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nifestations that enhance atherogenesis or increase theMain Street, Barkston Ash, Tadcaster, North Yorkshire, LS24 9PR,
U.K. risk of sudden thrombotic episodes. This concept of
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exercise-induced inflammation in claudicants has been
recently reviewed.13,14 However, it is well recognised
that claudicants who undergo a period of exercise
training derive benefits in terms of increased exercise
tolerance, as well as improvement to aspects of meta-
bolic function and lipid status.15–18 It therefore seems
that exercise training confers benefit on the one hand
but has the potential to enhance endothelial injury on
the other. Given this potential dichotomy of effect, this Fig. 1. Baseline protocol reflecting the timing of blood sample
collection for the assessment of inflammatory marker changes instudy aimed to determine the effect of exercise training
relation to acute exercise.on the acute markers of neutrophil mediated in-
flammation in claudicants.
The acute exercise was performed using a fixedMethods
workload treadmill test: claudicants were exercised at
2.5 kilometres per h (km/h) on a 10° gradient, untilApproval for the study was obtained from the local
the maximum treadmill walking distance was reached.Ethics Committee, and informed consent obtained
Controls were exercised at a much higher workloadfrom each participant. Forty-six claudicants (35 men
of 5 km/h and 20° gradient, to simulate exhaustiveand 11 women; median age 70, range 42–85 years)
exercise, for 20 min.were recruited from the vascular outpatient clinic.
PVD was confirmed in all claudicants in this study on
the basis of an ankle to brachial pressure index (ABPI)
<0.8, a fall in the ABPI with exercise, and angio-
graphically or Duplex ultrasound proven stenosis or Measurement of neutrophil activation
occlusion to the iliac or femoro-popliteal segments of
the lower limb. Twenty-two control subjects (11 men Whole blood was labelled within 5 min of blood
and 11 women; median age 63, range 52–83 years), sample collection with a mouse IgG FITC labelled
with no previous history of claudication, were selected CD11b monoclonal antibody (Sigma Chemical Com-
from patients or their relatives attending a general pany, Poole, Dorset, U.K.). Neutrophil CD11b ex-
surgery pre-assessment unit for minor surgery. PVD pression was analysed within 6 h, using a flow
was excluded on the basis of the history, clinical cytometer (Epics-XL. Coulter Electronics, U.K.), using
examination and measurement of the ABPI before and acquisition software (XL2. Coulter Electronics, U.K.).
after standardised treadmill testing. A detailed drug The neutrophil populations from the samples were
history was taken at baseline and at each follow-up identified from their patterns of forward and side
visit. scatter of light, which enables gating on the neutrophil
Subjects were asked to refrain from smoking for the population alone. The median channel fluorescence of
12 h prior to any blood or treadmill tests. Participants a population of 5000 neutrophils was determined for
refrained from physical activity on the day of analysis each sample and its intensity compared to that of cells
and were brought to the laboratory by transport prior labelled with a non-specific antibody that served as
to a compulsory 60-min rest period, lying in a supine an internal control.
position. The timing of blood sample collection for the
assessment of inflammatory marker status in relation
to acute exercise is illustrated in Figure 1. Assessments
were performed in the morning to avoid diurnal vari-
ation. Each venepuncture was performed using a 21- Measurement of neutrophil elastase
gauge needle and minimal tourniquet pressure from
different sites in either antecubital fossa. Blood was Neutrophil elastase, in complex with 1 proteinase
inhibitor, was measured by enzyme linked im-collected for assay into a sterile tube containing ethyl-
ene-diamine-tetra-acetic acid (K+-EDTA, 7.5% in 2 ml munosorbent assay (Merck, U.K.). The mean value
of the absorbencies was calculated from duplicatetube) as anticoagulant. Plasma samples were prepared
for subsequent analysis by centrifugation of whole determinations, and accuracy assessed with quality
control spiked plasma. The precision within runs wasblood for 5 min at 1000 rpm. The plasma supernatant
was stored at −80 °C. 4.3% and between runs 4.7%.
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Measurement of lipid peroxidation were encouraged even after the 3 month supervised
period had ended and claudicants continued to main-
A new assay for lipid peroxidation (Oxis International, tain and produce the logbook of their progress during
follow-up.Portland, OR, U.S.A.) was used to measure Malon-
aldehyde (MDA) in plasma samples. This is a col- At 3 and 6 months post-commencement of the ex-
ercise training programme, claudicants were re-orimetric assay that yields light at a maximum
absorbance of 586 nm that can be measured on a assessed in the vascular laboratory. Acute treadmill
exercise was performed at the same speed and gradientspectrophotometer. The detection threshold of this
assay was 0.1 mmol/l. The in-house variability was as before to the new point of maximum claudication
pain. If this was not reached after 10 min the exerciseless than 5%.
test was stopped in any case and the protocol con-
tinued as in Figure 1. Blood samples were analysed
in an identical manner to that at baseline.
Measurement of total antioxidant capacity (TAC)
TAC was determined by an enhanced chemilumin-
Statistical Analysisescent assay utilising horseradish peroxidase and lu-
minol. The method has been described previously by The results are expressed as median and inter-quartileWhitehead et al.19 The suppression of light output in range (IQR). Non-parametric tests were used to meas-this reaction is linearly related to the molar quantity ure inter-group (Mann–Whitney U-test) and intra-of free antioxidant in the added plasma. group (Wilcoxon’s signed rank test) variation. Bon-
ferroni correction has been used for multiple com-
parisons. For the analysis of several groups of repeated
variables over time Friedman’s two-way analysis ofExercise training
variance (ANOVA) test was used. Dunn’s multiple
comparisons post-test was used where appropriate.Claudicants were enrolled into a supervised exercise
The results were analysed on a personal computertraining programme. This was supervised by two
using a commercial statistical programme (Astute,physiotherapists and a doctor. The sessions were held
Leeds University and Microsoft Excel, U.K.; andweekly and claudicants attended for 12 supervised
GraphPad Prism version 3.02 for Windows, Graph-sessions over a 3 month period. Unsupervised home-
Pad Software, San Diego, CA, U.S.A.).based sessions were performed by the majority of
claudicants three times per week throughout the study
period. This was confirmed by a diary record main-
tained on a proforma and inspected at each visit. This Results
detailed the time spent during each walking session
and the number of repetitions performed of specific Forty-six patients with stable claudication and 22 con-
trols were recruited for the baseline assessment. Priorstatic exercises.
At least 50% of the time spent in the supervised to enrolment in the study, patients with PVD had been
symptomatic for a median of 2 years (IQR 1.5–4 years).session was on walking exercises performed to max-
imum pain. Static exercises were also performed. The Claudication symptoms were unilateral in 31 patients
and bilateral in 15. Two patients had previously hadmajority of these had been carefully designed to cause
maximum claudication pain after a small number of angioplasty for PVD and two others had undergone
a femoro-popliteal bypass. All patients had symptomsrepetitions and all focused on the muscle groups in
the legs. The structure of the class comprised a fixed that had been stable for at least 6 months prior to
enrolment. Seventy-five percent of claudicants hadcombination of 2 min static training stations (step-ups,
tip toe then squats, exercise bicycle, calf-dips, calf- symptoms isolated to the calf, 7% isolated to the thigh
or buttock, and 18% had both proximal and distalraises, leg extensions, leg curls, knee bends) each
alternating with 2 min fast walking exercises. The num- symptoms.
At the start of the study 40 patients were on aspirin,ber of exercise stations performed by each participant
was increased successively each week to reach a max- one patient was on dipyridamole and two were on
warfarin. The remaining three patients had not beenimum of 16 strength training stations and 16 walking
stations. Each class lasted approximately 1–1.5 h. The prescribed aspirin due to previous side effects or po-
tential interaction with other medication. The plasmamodified home-based exercises and walking sessions
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Table 1. Demographic data for claudicants and control group. (Dunn’s multiple comparisons test, p<0.001 and p<0.05
respectively). There was also a smaller but statisticallyClaudicants Controls p value
significant fall in elastase with acute exercise in the
No. 46 22 control group (Friedman’s ANOVA: Controls p=
Sex men:women 35:11 11:11
0.0004). Post-analysis of the data for the control groupAge (years) 70 (42–85) 63 (52–83) 0.03†
Active smokers (%) 19 (41) 2 (9) 0.008∗ using Dunn’s multiple comparisons test showed a
Ex-smokers (%) 14 (30) 6 (27) 0.83∗ significant fall in elastase at 30 and 60 min post-exerciseDM (%) 8 (17) 0 0.04∗
in the control group, compared to the immediate post-HT (%) 28 (61) 3 (14) <0.001∗
Hyperlipidaemia (%) 28 (61) 2 (9) <0.001∗ exercise value (p<0.05 and p<0.001 respectively). How-
ICD (metres) 76 (42–201) N/A ever, the only significant difference in elastase, betweenMWD (metres) 201 (104–417) N/A
the two groups, was found immediately after theABPI resting 0.8 (0.67–0.93) 1.17 (1.11–1.25) <0.0001†
ABPI post-exercise 0.75 (0.53–0.82) 1.16 (1.08–1.32) <0.0001† exercise test at which point it was higher in the clau-
dicant group (Mann–Whitney U-test with BonferroniContinuous variables: median (range). Categorical variables: num-
correction, p<0.05).ber (percentage).
† Mann–Whitney U-test. ∗Chi-squared test, d.f.=1. There was no significant difference in the resting
DM=diabetes mellitus; HT=hypertension; ICD=intermittent clau- level of plasma MDA between groups (Fig. 4). MDAdication distance; MWD=maximum walking distance; ABPI=ankle
to brachial pressure index. increased significantly in the claudicant group after
acute exercise (Friedman’s ANOVA: Claudicants
p<0.0001). Dunn’s multiple comparisons test revealed
that the significant increase in MDA occurred in clau-
cholesterol was elevated ([5.5 mmol/l) in 31 (67%) dicants immediately after exercise, and at 30 min after
claudicants and 16 (73%) of controls. Ten of these exercise (p<0.001 for both). However, MDA was only
claudicants, but none of the controls, were on lipid significantly higher in the claudicant group compared
lowering medication. A further 11 claudicants with an to controls at 60 min post-exercise (Mann–Whitney U-
elevated cholesterol were on a cholesterol lowering test with Bonferroni correction, p<0.05).
diet. Only one patient routinely took vitamin E sup- Acute exercise caused a significant change in theplements during the study. There were no changes to
TAC of plasma in both groups (Fig. 5) (Friedman’sthe regular use of aspirin, non-steroidal anti-in-
ANOVA: Controls p=0.015, Claudicants p=0.012), butflammatory drugs or hypolipidaemic agents during
there was no difference between the groups at anythe study period.
time point. Dunn’s multiple comparisons test revealed,The demographic data of the claudicants and con-
in the control group, a significant early increase introls is shown in Table 1. The median intermittent
TAC from resting to immediately post-exercise, andclaudication distance (ICD) and maximum walking
in the claudicant group, a significant late fall in TACdistance (MWD) of the claudicants was 76 metres and
between 30 and 60 min post-exercise (both: p<0.01). Of201 metres respectively.
note was that the TAC of the claudicant who regularlyThe baseline comparison of acute inflammatory re-
took vitamin E supplements was not significantly dif-sponse with treadmill exercise in claudicants and con-
ferent from the median TAC values measured at thetrols is illustrated in Figures 2–5. Baseline resting
same time points for the other claudicants.neutrophil CD11b activity was the same in both groups
Following the exercise training programme, there(Fig. 2). However, only the claudicant group dem-
was a significant increase in both the PRWD, ICD andonstrated a significant change in neutrophil activation
MWD (Fig. 6) (p<0.0001 repeated measures ANOVA).with exercise, with a peak increase immediately after
For practical reasons the treadmill exercise test had toexercise that remained significantly elevated, com-
be limited to a maximum duration of 10 min in thosepared to the resting level, at 30 min (Dunn’s multiple
patients who had experienced no claudication limitingcomparisons test, p<0.001). Post-exercise, the CD11b
pain at this time point. This was achieved by 11 patientsof the claudicant group was significantly higher than
at 3 months, and 18 patients at the 6 month follow-that of the control group at all time points (Mann–
up assessments.Whitney U-test with Bonferroni correction).
The acute inflammatory response to treadmill ex-There was a significant increase in neutrophil de-
ercise in the claudicants at 3 and 6 months post-granulation, measured in terms of neutrophil elastase,
supervised exercise training compared to that at base-with exercise in the claudicant group only (Fig. 3)
line is illustrated in Figures 7–10.(Friedman’s ANOVA: Claudicants p<0.0001). This was
The pre- and immediately post-exercise test CD11bsignificantly raised, in comparison to the resting ex-
ercise value, immediately after exercise and at 30 min measurements at 3 and 6 months were not significantly
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Fig. 4. Changes to plasma lipid peroxidation in terms of Malon-Fig. 2. Changes in neutrophil activation in terms of changes to CD11b
aldehyde (MDA) concentration measured at baseline.mean channel fluorescence during acute exercise in claudicants and
controls measured at baseline.
Fig. 5. Changes to plasma total antioxidant capacity (TAC) con-Fig. 3. Changes to plasma neutrophil elastase concentration with
centration during exercise in claudicants and controls at baseline.acute exercise in claudicants and controls measured at baseline.
different from the corresponding baseline meas-
urements (Fig. 7). However, exercise training abolished
the post-exercise increase in neutrophil activation seen
at baseline; comparing the percentage change in CD11b
(from resting to post-exercise), at baseline there was
a significant increase of 66% (p<0.01), but no significant
change at 3 months (0%, p=0.91) or 6 months (27%,
p=0.16).
After 3 months exercise training had also reduced
the rise in neutrophil elastase that was seen after acute
exercise in the claudicants at baseline (Fig. 8). At 6
months, the post-exercise elastase was significantly
Fig. 6. Patient Reported Walking Distance (PRWD), Intermittentlower than the post-exercise measurement recorded
Claudication Distance (ICD), and Maximum Walking Distanceat baseline (p=0.0005). Comparing the percentage (MWD), at baseline (B), after 3 months (3 m), and after 6 months
(6 m) of exercise training in claudicants.change in elastase (from resting to post-acute exercise),
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Fig. 7. Changes in neutrophil CD11b activation in claudicants, at
baseline and after 3 and 6 months of exercise training, measured at
rest and immediately post-acute treadmill exercise.
Fig. 10. Changes in total antioxidant capacity (TAC) in claudicants
at baseline and after 3 months of exercise training, measured at rest
and immediately post-acute treadmill exercise.
at baseline there was a significant increase of 96%
(p<0.01), at 3 months there was a smaller increase of
31% (p<0.01), and at 6 months there was no significant
change (2%, p=0.76).
The rise in MDA seen at baseline with acute exercise
(27%, p<0.01) was similarly abolished after 3 months
of exercise training (6%, p=n.s.) (Fig. 9). However,
this benefit appeared to have been lost at 6 months,
as acute exercise caused a significant rise in MDA of
49% (p<0.01).
There was no significant difference between theFig. 8. Changes in neutrophil elastase in claudicants, at baseline
and after 3 and 6 months of exercise training, measured at rest and baseline plasma TAC with that after 3 months of
immediately post-acute treadmill exercise. training, measured at 4 time points (follow-up results
for TAC at 6 months were not available) (Fig. 10).
Discussion
These results confirm that exercise to maximum clau-
dication pain is associated with neutrophil activation,
neutrophil degranulation and evidence of free radical
injury. As most patients with PVD experience repeated
episodes of claudication each day and are advised to
walk to maximum pain, it is likely that they also
encounter repeated episodes of neutrophil activation
and degranulation each day. This may occur through
a mechanism of repetitive low-grade ischaemia reper-
fusion injury (IRI) events. The long-term significance
of this is unknown although it may result in a chronic
Fig. 9. Changes in the lipid peroxide Malonaldehyde (MDA) in
proinflammatory state12 and contribute to ongoingclaudicants, at baseline and after 3 and 6 months of exercise training,
measured at rest and immediately post-acute treadmill exercise. atherogenesis and even sudden thrombotic events.
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In this study we used a higher exercise workload improving walking distance is now established, until
recently its effect on the markers of vascular in-for our control group than that of our claudicants.
This higher workload was chosen on the basis of a flammation have been unknown. Tisi et al. performed
the first case-control study to look at resting levels ofpreliminary study. In summary, we observed that
claudicants usually experience a sense of systemic C-reactive protein (CRP) and serum amyloid-A protein
(SAA) in the resting claudicant before and at 3 monthlyfatigue in the form of shortness of breath, perspiration,
or lack of energy during treadmill-induced clau- intervals after a short (1 month) period of supervised
exercise training.12 Although the results are somewhatdication to maximum pain. We wanted to create a
similar “systemic” response in our controls with ex- confusing (median SAA and CRP fell by 53% and 64%
respectively in the control group after 12 months;ercise. A 4-point visual analogue scale (VAS) that
crudely measured these subjective symptoms was used changes to levels of CRP tended to be discordant to
changes in SAA) this is the first study to show thatto score the fatigue index of controls exercised at
different treadmill workloads. The higher workload these acute phase proteins do not increase with exercise
training. It was also noteworthy that resting SAA andused in our study for the control group had produced
a similar median VAS fatigue score to that reported CRP were higher in the claudicant group compared
to the control group without PVD. These results areby claudicants exercised to their MWD at 2.5 km/h
on a 10° gradient. In comparison, when we exercised interesting and clearly further work is needed to val-
idate the measurement of SAA in this setting.our controls at slower speeds, on a shallower gradient
and for a shorter period of time, we were unable to Our study is the first to directly measure the acute
markers of ischaemia reperfusion injury before andreproduce a similar degree of dyspnoea, perspiration
or general sense of fatigue. As there was no in- after claudication, prior to and after a 3 month exercise
training programme. We found that exercise trainingflammatory response seen after exhaustive in the con-
trols we feel the changes measured in the claudicants abolished the post-exercise increase in neutrophil ac-
tivation and degranulation. Free radical injury ap-are therefore unlikely to be a manifestation of general
cardiovascular stress. peared to be curtailed after 3 months although this
effect was not maintained. This may be due to gradualExercise training of patients with PVD involves a
prolonged process of repetitive and intense fatigue detraining as the effects of the programme diminish
with time. It would be of interest to see if furtherinducing exercise. Our exercise training programme
was effective in increasing the median ICD by 174% supervised exercise would reverse this finding. The
total antioxidant status did not appear to be effectedand the MWD by 117% after 6 months. This is com-
patible with the findings of the meta-analysis of ex- by exercise training and this may reflect a lack of
sensitivity in the assay. This particular assay is par-ercise training programmes by Gardner et al., which
showed that the mean ICD increased by 179% and the ticularly influenced by serum urate, a powerful plasma
antioxidant. However, urate is also produced as a by-MWD by 122%.15 Their analysis identified only three
significant independent predictors for improvement product of IRI from xanthine breakdown and other
assays that measure individual antioxidants may bein walking distance: exercise to be performed to
maximum claudication pain; programme length of 6 preferable.
There are several possible explanations for our find-months or longer; mode of exercise to be pre-
dominantly walking based. The design of our SEP, ings of a reduction in inflammatory status following
acute exercise in those claudicants who have under-formulated prior to 1995, shared some of these com-
ponents. In particular the intensity of the exercise was taken exercise training. The degree of ischaemia or the
tolerance of ischaemia to the same amount of exercisehigh and reproduced effectively by our patients at
home even after the 3 month supervised period, per- may improve. The recovery time (the reperfusion
phase) may decrease through better distribution ofhaps because they were followed up closely as part
of this study. We feel that the inclusion of static ex- blood to the ischaemic muscle bed. An increase in
proteases may occur, which more rapidly remove re-ercises is a particularly effective part of our pro-
gramme; when these are conducted properly they very leased neutrophil elastase and thereby reduces am-
plification of the inflammatory signal. The level ofquickly induce maximum claudication pain and this
seems to be an efficient component to training. Robeer individual plasma antioxidants may change with ex-
ercise training that produce no overall effect on plasmaet al., based on their review of the literature, have
previously stated that the optimal exercise training TAC, but serve to reduce the inflammatory cascade.
Furthermore, changes to the levels of intracellularprogramme is still to be designed.20
However, although the effect of exercise training on antioxidants are not reflected by the assay employed
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